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In the present work, the hydrophobic properties of proSP-B, the precursor of pulmonary surfactant protein SP-B, have been analyzed under
different pH conditions, and the sequence segment at position 111–135 of the N-terminal domain of the precursor has been detected as potentially
possessing pH-dependent hydrophobic properties. We have studied the structure and lipid–protein interactions of the synthetic peptides BpH, with
sequence corresponding to the segment 111–135 of proSP-B, and BpH-W, bearing the conservative substitution F127W to use the tryptophan as
an intrinsic fluorescent probe. Peptide BpH-W interacts with both zwitterionic and anionic phospholipid vesicles at neutral pH, as monitored by
the blue-shifted maximum emission of its tryptophan reporter. Insertion of tryptophan into the membranes is further improved at pH 5.0, especially
in negatively-charged membranes. Peptides BpH and BpH-W also showed pH-dependent properties to insert into phospholipid monolayers. We
have also found that the single sequence variation F120K decreases substantially the interaction of this segment with phospholipid surfaces as well
as its pH-dependent insertion into deeper regions of the membranes. We hypothesize that this region could be involved in pH-triggered
conformational changes occurring in proSP-B along the exocytic pathway of surfactant in type II cells, leading to the exposure of the appropriate
segments for processing and assembly of SP-B within surfactant lipids.
© 2007 Elsevier B.V. All rights reserved.Keywords: Lung surfactant; SP-B; Lipid–protein interactions; Synthetic peptides; Interfacial hydrophobicity; Secretory pathway1. Introduction
Pulmonary surfactant protein B (SP-B) is a small hydro-
phobic polypeptide, which plays an essential role at the alveolar
air–liquid interface of the lungs. This protein, together with three
others, termed SP-A, SP-C and SP-D, constitute the protein
fraction of pulmonary surfactant, about 8–10% of the total
weight of this material. The other 90% is composed of lipids,
mainly phospholipids. The main function of surfactant is to
reduce the surface tension at the air–liquid respiratory interface
at the end of expiration, to avoid alveolar collapse and therefore
facilitating the work of breathing (for recent reviews on
structure–function of this system see [1–5]). In addition,
surfactant is known to play important roles in the maintenance
of the homeostasis of the alveolar fluid as well as in the innate⁎ Corresponding author. Tel.: +34 91 3944994; fax: +34 91 3944672.
E-mail address: jpg@bbm1.ucm.es (J. Pérez-Gil).
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doi:10.1016/j.bbamem.2007.01.010immune system. It is widely assumed that proteins SP-A and SP-
D are mainly involved in innate defence mechanisms, whereas
SP-B and SP-C are required for proper surface tension reducing
properties of surfactant. To achieve all these functions surfactant
is synthesized, assembled and secreted by the type II cells of the
alveolar epithelium into the thin aqueous layer covering the
respiratory surface, where it spontaneously and rapidly adsorbs
to form surface active films at the air–liquid interface.
SP-B is the only surfactant protein absolutely required to
initiate breathing and life [6]. Lack of SP-B is invariably lethal
shortly after birth [7]. This small polypeptide of 79 residues is
synthesized as a longer precursor of 381 amino acids that has to
undergo a complex maturation process along the exocytic
pathway of type II pneumocytes [8]. Processing of SP-B
precursor includes proteolytic cleavage of N- and C-terminal
domains in at least 3 different steps. At present, little is known
about the structure of the precursor. Considering its potential
disulphide bond pattern and its amino acid sequence, each of the
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protein and the C-terminal domain, contain a saposin-like
domain. Saposin-like motifs are supposed to share a common
folding [9] which has been already revealed for some of the
proteins belonging to this family, like NK-lysin [10], Saposin B
[11], Saposin C [12], Granulysin [13] or Amoebapore A [14].
The N-terminal domain (residues 24–200) of proSP-B has
been shown to be necessary and sufficient for sorting and
secretion of SP-B in different mammalian cell lines. It has been
also proposed that this N-terminal module could act as an
intramolecular chaperon to protect mature SP-B until the precise
time and place where the protein has to be assembled with the
lipids in the secretory granules (lamellar bodies) of type II
pneumocytes [15,16]. In contrast, the C-terminal region
(residues 280–381) of proSP-B is not required for SP-B and
surfactant assembly since expression of a construct lacking this
domain of preproSP-B, completely restores surfactant biogen-
esis and lung function in a null background (SP-B−/−mice) [17].
Recently, a truncated form of proSP-B containing the mature
sequence of SP-B and its N-terminal flanking domain has been
expressed in bacteria as a water-soluble protein with properties
to spontaneously interact with phospholipid membranes [18].
Association of proSP-B with membranes could be an early step
in surfactant assembly by the pneumocytes.
The secretory pathway followed by surfactant proteins has
been previously described in detail [19,20]. Surfactant compo-
nents are driven from the endoplasmic reticulum (ER) to theGolgi
network and the multivesicular bodies (MVB). These organelles
finally fuse with the secretory granules or lamellar bodies (LB),
where surfactant proteins and lipids are assembled and stored.
SP-B proteolytic processing occurs between the Golgi
complex and the lamellar bodies [8,21]. Along this pathway
there is a pro-gressive acidification of the protein environment that
is essential for SP-C processing [22] and that is probably also
critical for SP-Bmaturation. Proteolytic processing of SP-B has to
be coupled with the insertion of the protein into surfactant phos-
pholipid membranes. In the present work, we have analyzed the
hydrophobic properties of the SP-B precursor under different pH
conditions and detected a particular sequence possessing potential
pH-dependent membrane-interacting properties. We hypothesize
that this region could be involved in pH-triggered conformational
changes and/ormembrane insertion of proSP-B along the exocytic
pathway, coupled with processing and assembly of the mature
protein within surfactant lipids. We have confirmed expe-
rimentally the theoretical properties of the mentioned region by
studying the behaviour of synthetic peptides designed to mimic
this segment of proSP-B. We have also defined a single sequence
variation that abolishes the pH-dependent behaviour of the seg-
ment and that could be implemented to test the determinants of
proSP-B processing as engineered in type II cells.2. Materials and methods
2.1. Materials
Chloroform and methanol were HPLC grade solvents from Scharlau
(Barcelona, Spain). Phospholipids: 1,2-dipalmitoyl-sn-glycero-3-phosphocho-line (DPPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-rac-glycerol (POPG) were from
Avanti Polar Lipids (Birmingham, AL). Synthetic peptides, BpH
(QCNQVLDDYFPLVIDYFQNQTDSNG), BpH-W (QCNQVLDDYFPLVI-
DYWQNQTDSNG), BpH-K (QCNQVLDDYKPLVIDYFQNQTDSNG) and
BpH-WK (QCNQVLDDYKPLVIDYWQNQTDSNG) were designed as var-
iants of a 25 amino acid-length segment of proSP-B (residues 111–135).
Peptides BpH-W and BpH-WK include the substitution F127W in order to use
the tryptophan as an intrinsic fluorescent probe. Peptides BpH-K and BpH-WK
contain the additional substitution F120K designed to abolish pH-dependent
hydrophobic properties (see Fig. 1). The peptides were synthesized and purified
in the laboratory of Professor David Andreu at Pompeu Fabra University
(Barcelona, Spain). Peptides were purified by HPLC and purity and mass were
confirmed by mass spectrometry. All other reagents and chemicals were
purchased from Merck (Darmstadt, Germany).
2.2. Circular dichroism of proSP-B synthetic peptides
Far-UV circular dichroism (CD) spectra of peptides in buffer, in the absence
or presence of phospholipid vesicles, or in water/TFE mixtures, were obtained in
a Jasco-715 spectropolarimeter equipped with a xenon lamp. The peptide
concentration was 0.1 mg/mL and the optical path length 0.1 cm. The
contribution of the solvent or the buffer (Tris 5 mM, Mes 5 mM, sodium acetate
5 mM, containing 150 mM NaCl and adjusted to the pH indicated in each
experiment) was always subtracted. A minimum of four spectra were accu-
mulated for each sample. Values of mean residue ellipticity were calculated on
the basis of 110 as the mean molecular weight per residue and are reported in
terms of [θ] (degrees×cm2×dmol− 1). Secondary structure calculations were
approached as previously stated [23,24], using the CDPro suite of programs
(SELCON 3, CONTINLL, CDSSTR) [25,26] as implemented in the webpage
http://lamar.colostate.edu/~sreeram/CDPro/main.html, with a database contain-
ing the CD spectra of 56 proteins of known three-dimensional structure,
including membrane proteins.
2.3. Preparation of phospholipid vesicles
Vesicles made of DPPC, POPC, POPG or DPPC/POPG (7:3, w/w) were
prepared by hydrating dry lipid films in 5 mM Tris, 5 mMMes and 5 mM sodium
acetate buffer, pH 7, containing 150 mM NaCl, and allowing them to swell for 1 h
at room temperature (for POPC and POPG) or at 50 °C (for DPPC and DPPC/
POPG) with continuous shaking. This treatment typically produces multilamellar
phospholipid suspensions (MLV). To obtain small unilamellar vesicles (SUV), the
lipid suspensions were sonicated on ice (for POPC and POPG) or in a water bath at
room temperature (for DPPC and DPPC/POPG) using a Branson UP200s tip
sonifier set at 360 w/cm2, making cycles of 0.5 s for 2 min.
Samples containing phospholipid vesicles and peptides were prepared by
injection of the appropriate amount of peptide, from a concentrated solution of
each peptide (1 mg/mL) prepared in the same buffer, into the phospholipid
vesicle suspension. Samples were then incubated for 10 min at 37 °C before data
collection. When required, pH was readjusted as will be described in the
corresponding experiments by addition of small aliquots (0.5–1 μL) of HCl.
2.4. Intrinsic fluorescence of proSP-B synthetic peptides
Tryptophan fluorescence emission spectra of proSP-B synthetic peptides in
buffer Tris 5 mM,Mes 5 mM and sodium acetate 5 mMmixed buffer, containing
150 mMNaCl, at the pH indicated in each experiment, were recorded in a SLM-
Aminco AB-2 spectrofluorimeter thermostated at 37 °C. In the absence of lipids,
peptides were injected from a concentrated solution (1 mg/mL) in dimethylsulf-
oxide (DMSO) to achieve a final concentration of 10 μg/mL. The absorbance of
the samples at the excitation wavelength was then lower than 0.1 to avoid inner
filter effects. Samples containing lipids were prepared by injection of the
appropriate amount of peptide from a concentrated solution prepared in the same
buffer, into the preformed lipid suspension. To measure the fluorescence spectra,
the excitation wavelength was set at 275 or 290 nm, and spectra were recorded in
the range of 300–430 nm. Both excitation and emission slits were set at 4 nm
and the cell path was 0.2 cm.
Fig. 1. Hydrophobicity-at-interface profile of preproSP-B at acidic and neutral pH. (a) Hydropathy plot of the sequence of human preproSP-B calculated using the
hydrophobic-at-interface scale proposed by Wimley and White[25]. The negative free energy of transfer of different 11-residue segments of the protein from the water
phase into a phospholipid bilayer is plotted against their position in the sequence, taking into account the ionization state (and therefore, the associated free energy of
transfer) of some amino acids (D, E and H) at neutral (black line) or acidic (red line) pH. The region corresponding to mature SP-B is indicated by a solid black line.
The region corresponding to residues 111–135 is confined into a dotted line box and re-scaled in panel b. Panel c shows the hydropathy profile corresponding to the
same region but including the F120K substitution. (d) Sequence of the synthetic peptides designed to study the properties of preproSP-B region, comprising amino
acids 111–135. Changes with respect to the original sequence of the protein are indicated in grey. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Adsorption of synthetic peptides into an open air–liquid interface was assessed
using a custom-made surface balance as that described elsewhere [27]. The
microbalance was filled with 1.5 mL of buffer Tris 5 mM, Mes 5 mM, sodium
acetate 5 mM, adjusted to pH 7 or 5, as indicated in each experiment, and
containing NaCl 150 mM. After 5 min equilibration, the indicated amount of
peptide was injected into the subphase from a concentrated solution (1 mg/mL) in
the same buffer. Changes in surface pressure (π) were then monitored over time.
The subphase was continuously stirred and the trough was thermostated at 25 °C.
Subphases were always prepared with double distilled water (the second
distillation performed in the presence of potassium permanganate). Injection of
equivalent volumes of buffer did not produce any detectable change in surface
pressure.
2.6. Interaction of proSP-B synthetic peptides with preformed
phospholipid monolayers
Association of peptides with phospholipid monolayers, preformed at
different initial surface pressures (πi), was followed in the same microbalance
mentioned above by monitoring changes in surface pressure (Δπ) over time after
peptide injection into the subphase. Phospholipid monolayers were preformed by
spreading a concentrated solution of the lipids (DPPC:POPG, 7:3, w/w) inchloroform:methanol (3:1, v/v) on top of the aqueous surface. After 5 min
stabilization, 9 μg of peptide were injected into the subphase. The highest
increment in surface pressure (Δπ) after peptide injection was then plotted vs. the
initial pressure (πi) of the monolayer, allowing calculation of the critical insertion
pressure (πc), defined as the maximum π at which the peptide is still showing
pressure effects. The subphase was continuously stirred and the temperature was
kept constant at 25 °C during the experiment. In some experiments, once the
peptides inserted into the monolayer, an appropriate aliquot of HCl or NaOHwas
injected into the subphase to shift pH from 7 to 5 or vice versa.3. Results
3.1. Identification of a sequence in proSP-B with potential
affinity for lipid interfaces
In order to analyze the hydrophobicity of the sequence of
proSP-B under different pH conditions, we obtained the
hydrophobicity-at-interface plots shown in Fig. 1, using the
empirical scales determined byWimley andWhite [28–30]. This
kind of analysis has proven to be a useful tool to detect potential
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in Fig. 1 is based on the Wimley–White whole-residue interface
scale [30] ranking the free energy of partition from water to a
phosphocholine bilayer interface, of each amino acid within an
unfolded polypeptide. Protein regions accumulating favourable
free energy of partition into membranes can therefore be
detected using this scale with a sliding-window of a given
number of residues moving along the protein sequence. The
analysis can be also made taking into account different pH-
dependent ionization states. Plots in Fig. 1 were calculated using
a sliding-window of 11 amino acids and considering the free
energy of partition corresponding to either the protonated or the
unprotonated state of Asp, Glu and His residues, expected under
acidic or neutral pH, respectively. The sequence of human
preproSP-B shows in this plot two different segments with
remarkable affinity to interact with membranes at neutral pH,
and an additional region with high affinity only when
considering acidic residues in their protonated state, at acidic
pH. A first hydrophobic-at-interface region extends the 20–25
first residues of the protein, corresponding, as expected, to the
signal peptide that mediates translocation of the precursor into
the ER. Another conspicuous membrane-interacting segment is
located at the first half of mature SP-B (residues 201–279),
whose hydrophobicity has resulted to be critical for SP-B surface
activity [23,24]. Plot in Fig. 1 suggests the existence of a third
hydrophobic region in the N-terminal domain (residues 24–
200), which is particularly revealed when considering acidic
conditions. The hydrophobicity of this segment could increase
significantly upon acidification, due to the abundance of Asp
residues in the sequence, suggesting that this fragment could
participate in pH-dependent events associated with sorting and
assembly of the whole protein along the exocytic pathway of
type II cells.
To test the particular properties of this protein segment, we
have explored different variants of the sequence of the SP-B
precursor, looking for variations potentially preventing the pH-
dependent behaviour. For instance, substitution of phenylala-
nine at position 120 of preproSP-B by a lysine changes
dramatically the hydropathy plot of the surrounding sequence
(Fig. 1c). Although the variant sequence is still hydrophobicFig. 2. Secondary structure of synthetic BpH peptides in aqueous buffer and water/TF
in buffer (closed circles) or water/TFEmixtures (open symbols) containing 20% (circl
Peptide concentration was 0.1 mg/mL. Insert: plot of the fraction of α-helical confor
triangles) and BpH-WK (open triangles), as estimated from their CD spectra, versusunder acidic pH, it is considerably less hydrophobic than the
wild type sequence. At neutral pH, the plot of the variant
sequence shows no favourable peaks for transference into
membranes, meaning that it must behave as a hydrophilic
segment under these conditions.
Synthetic peptides based on the wild type and F120K variant
have been then prepared to evaluate experimentally the
hydrophobic properties of the region, its ability to interact
with lipids and its pH-dependent behaviour. Fig. 1d shows the
sequence of the peptides synthesized. Peptides BpH and BpH-
W have been designed according to the wild type sequence
except for one single Phe→Trp substitution at position 127 in
peptide BpH-W. This substitution does not introduce in
principle significant changes in the hydropathy profile (data
not shown) but provides an intrinsic fluorescent probe for
spectroscopic studies. Peptide variants BpH-K and BpH-WK
include the mentioned F120K variation, designed to abolish, at
least partially, the pH-dependent behaviour of the segment.
3.2. Secondary structure of BpH peptides
The secondary structure of peptides BpH, BpH-K, BpH-W
and BpH-WK has been characterized by circular dichroism
spectroscopy. Fig. 2 shows the far-UV circular dichroism
spectrum of each peptide in a mixed buffer Tris 5 mM, Mes
5 mM, sodium acetate 5 mM pH 8, containing 150 mM
NaCl. The minimum of ellipticity was centred in all cases
around 202–204 nm, indicating a mainly disordered secondary
structure. Estimation of the proportion of different secondary
structure components has been approached from the CD
spectra as explained in Materials and methods. Data
summarized in Table 1 confirm that all the peptides had
marginal proportions of α-helix, around 5%, but a secondary
structure dominated by around 35% extended β-strands, 25%
turns and 35% of unordered configurations. Neither the
F127W nor the F120K substitutions produced apparent
detectable effects in the secondary structure of this segment
as assessed by CD spectroscopy.
Secondary structure of the peptides was analyzed in more
detail upon transference into different aqueous mixtures ofE mixtures. Far-UV circular dichroism spectra of the indicated synthetic peptides
es), 40% (triangles), 60% (squares) or 85% (diamonds) of the fluorinated alcohol.
mation in peptides BpH (closed circles), BpH-K (open circles), BpH-W (closed
the proportion of TFE in the solvent.
Table 1
Secondary structure of synthetic BpH peptides in aqueous solution and in the presence of different proportions of TFE, estimated from their far-UV CD spectra
Peptide % secondary structure Environment % secondary structure Peptide
α β t r α β t r
BpH 4±2 37±5 23±3 36±4 H2O 4±2 36±3 22±3 38±5 BpH-K
11±3 31±4 22±3 36±4 TFE 20% 9±3 34±4 25±3 32±4
12±4 33±4 22±3 33±3 TFE 40% 19±4 30±4 21±3 30±4
18±2 29±3 24±3 29±3 TFE 60% 20±3 29±4 21±3 30±4
16±3 33±4 21±3 30±4 TFE 85% 16±4 32±4 22±3 30±4
BpH-W 6±3 37±4 24±3 33±4 H2O 6±3 37±4 25±3 32±4 BpH-WK
10±3 35±4 24±3 31±4 TFE 20% 8±3 35±4 24±3 33±4
17±4 27±4 24±3 32±4 TFE 40% 17±4 36±5 22±4 22±4
24±3 25±3 22±3 29±4 TFE 60% 16±4 29±4 21±3 34±4
27±5 21±4 20±4 32±4 TFE 85% 20±3 27±3 23±3 30±4
Results are expressed as means±S.D. of the estimated values resulting from the analysis of the CD data with the CDPro package.
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explore structural propensities of proteins and peptides and, in
particular, to analyze their potential conformation in helicogenic
environments such as those offered by membranes [27,31]. Fig. 2
shows that all the synthetic peptides had CD spectra consistent
with an increase of the fraction of α-helix in the presence of
increasing proportions of TFE. As the proportion of TFE
increases, the spectra of all peptides show progressively more
pronounced dichroic bands at around 208 and 222 nm, the two
minima in ellipticity characteristic of α-helical structures.
Calculations summarized in Table 1 confirm that their helical
fraction increased to around 20% in the presence of the maximal
proportions of TFE tested, with the peptide BpH-W showing
somehow a higher maximal fraction of α-helix around 30%. The
insert in Fig. 2 suggests that all the peptides are similar in
conformational terms.
Fig. 3 shows the effect of pH and the presence of
phospholipid vesicles on the secondary structure of peptides.
Acidic pH has very little effect on the secondary structure of
proSP-B peptides in aqueous solution as analyzed from their
far-UV CD spectra. The secondary structure of peptides was
not very sensitive either to the presence of anionic
phospholipid vesicles, at both neutral and acidic pH. The
conformation of all the peptides was dominated in all the
environments assayed by extended/unordered contributions
(not shown).Fig. 3. Effect of pH and phospholipids on the secondary structure of synthetic BpH p
buffer in the absence (closed symbols) or presence (open symbols) of DPPC/POPG
concentration was always 0.1 mg/mL.3.3. Effect of pH and phospholipids on the fluorescence of
BpH-W peptides
Fluorescence emission spectra of peptides BpH-Wand BpH-
WK in Tris 5 mM, Mes 5 mM, sodium acetate 5 mM pH 8,
showed a maximum at 344 nm (Fig. 4), a slightly lower
wavelength than that expected for a tryptophan completely
exposed to the solvent (∼350 nm) [32]. The two peptides
contain two tyrosines and one tryptophan in their sequences.
Peptide BpH-W possesses the additional aromatic residue F120,
but the fluorescence emission spectra of both peptides are
clearly dominated by the contribution of the tryptophan.
Fluorescence spectra suggest that both peptides adopt in
aqueous buffer at pH 8, a similar conformation with respect to
the microenvironment of the tryptophan.
However, Fig. 4 shows that the intensity of the fluorescence
emission of both synthetic peptides decreases with pH,
indicating pH-dependent changes on the tryptophan micro-
environment, probably originated by changes in the ionization
state of the surrounding acidic residues. As shown in the insert
of Fig. 4, the fluorescence properties of a control N-
acetyltryptophanamide (NATA) solution did not show a similar
pH-dependent fluorescence profile.
The propensity of the two Trp-containing peptides to
interact with phospholipid membranes was then assessed by
analyzing the effect of the presence of increasing amounts ofeptides. Far-UV circular dichroism spectra of the indicated synthetic peptides in
(7:3, w/w) small unilamellar vesicles at pH 7 (circles) or 5 (triangles). Peptide
Fig. 4. Effect of pH on the fluorescence emission of synthetic BpH peptides. Fluorescence emission spectra of peptides BpH-W (left panel) and BpH-WK (right panel)
in buffer Tris 5 mM,Mes 5 mM, sodium acetate 5 mM, containing 150 mMNaCl, at decreasing pH values from 8.0 to 4.5. The spectra were obtained upon excitation at
275 nm, using 10 μg/mL peptide concentration. Fluorescence intensity (FI) is presented in arbitrary units (au). Insert: fluorescence emission intensity of the peptides
(obtained at 344 nm) plotted versus pH. The behaviour with pH of a control N-acetyltryptophanamide (NATA) solution, showing an emission maximum at 350 nm, is
also included in the plot.
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POPC) or anionic (POPG) species, on their fluorescence emis-
sion spectra. Samples of either BpH-W or BpH-WK peptides
were injected to a concentration of 10 μg/mL into a buffered
solution containing the vesicles, and their fluorescence emission
spectra were collected. Afterwards a small aliquot of HCl was
added to all samples to shift pH from 7 to 5, and after 5 min of
stabilization, a new spectrum was recorded. Fig. 5 plots the
wavelength of maximum fluorescence emission of each peptide
as a function of the concentration of lipid present for both
assayed pH values. The fluorescence emission maximum of the
two peptides shifts progressively to lower wavelengths in the
presence of increasing amounts of the different phospholipids
used. This shift indicates a progressive decrease in the polarity
of the microenvironment of the tryptophan and at least a partial
insertion of the tryptophan of the peptides into the lipid
environment. In principle, the longer is the wavelength shift of
the emission spectra, the deeper – the more hydrophobic is the
environment – is the membrane region where tryptophan is
transferred into upon membrane interaction. Such effect was
detected with all the lipids assayed, but substantial differences
were detected when comparing peptides BpH-Wand BpH-WK.
The shift in the wavelength of the emission maximum upon
interaction with lipids is quite small in the spectra of BpH-WK
(no more than 2–3 nm) whereas it is significantly higher (up to 6
or 7 nm) in the spectra of peptide BpH-W. The first conclusion
is therefore that the interaction of the variant BpH-WK with
lipids proceeds via a shallower association compared to that of
BpH-W. The acidification of pH does produce significant
additional shifts only in samples containing peptide BpH-Wand
produced practically no effect on samples containing peptide
BpH-WK. That is to say, the substitution F120K is also
affecting the pH-dependent behaviour of the peptide in
reference to its ability to interact with lipid membranes. The
differences regarding the pH-dependent behaviour are particu-
larly notable in the presence of anionic phospholipids (POPG),suggesting that electrostatic forces are important to define the
interaction and eventual insertion of this proSP-B segment into
surfactant membranes. Altogether these results demonstrate that
the ability of peptide BpH-W to interact with lipids is
significantly higher than that of peptide BpH-WK and that pH
strongly modulates the interaction of the more “native-like”
peptide (BpH-W) with membranes.
3.4. Insertion of BpH peptides into phospholipid surfaces
The hydrophobic properties of peptides can be also
experimentally evaluated by analyzing their affinity for polar/
non-polar interfaces, such as open or lipid filled air–liquid
interfaces, using a surface balance. All BpH peptides adsorbed
rapidly to clean air–water interfaces after injection of a small
aliquot of peptide into the subphase. Fig. 6a shows illustrative
adsorption kinetics of peptides BpH and BpH-K. The rapid
interfacial adsorption of the peptides is probably a consequence
of their intrinsic amphipathic character. The equilibrium
pressure for peptides BpH and BpH-W was ∼16 mN/m while
that of peptides BpH-K and BpH-WK was slightly above
10 mN/m, suggesting that the presence of Lys instead of Phe at
position 10 in the peptide (120 in the preproprotein) reduces the
stability of the sequence at the interface, probably as a
consequence of a substantial reduction of the interfacial affinity
as was predicted from the hydropathy plots. Similar experi-
ments were carried out by injection of the peptides under
preformed interfacial phospholipid monolayers. Nine μg of
each peptide were injected in each of these assays because this
was the minimum amount of peptide producing the maximum
surface pressure in clean interfaces. Injection of any of the
proSP-B synthetic peptides into the subphase, underneath a
DPPC:POPG (7:3, w/w) monolayer, promoted a pressure
increase (Δπ) as a consequence of the association of the
peptides with the interfacial film. Fig. 6b illustrates a
representative experiment of interaction of peptides BpH and
Fig. 5. Titration of the interaction of synthetic BpH-W and BpH-WK peptides
with phospholipid vesicles. The wavelength of maximum fluorescence emission
of peptides BpH-W and BpH-WK is plotted versus the final concentration of
small unilamellar vesicles made of the indicated lipids. Each experiment was
carried out under two different pH conditions, 7 (●) or 5 (○). After data
collection at neutral pH, each sample was acidified to pH 5 by addition of a small
aliquot of HCl. Following 5 min stabilization the new spectrum was recorded.
Samples contained 10 μg/mL of peptide in the presence of the indicated amounts
of lipids in buffer Tris 5 mM, Mes 5 mM, sodium acetate 5 mM, containing
150 mM of NaCl. Controls were made by addition of aliquots of buffer instead
of acid, in order to correct the dilution effect when needed.
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phospholipid monolayer the maximum surface pressure attained
upon injection of the peptides into the subphase was higher than
that achieved by the peptides alone, in the absence of lipids.
Still, insertion of peptide BpH produced higher increase of
pressure than that produced by BpH-K. Interestingly, injection
into the subphase of a HCl aliquot shifting pH form 7 to 5, gave
rise to a further increase of pressure, suggesting that protonation
at pH 5 of acidic residues in the peptide enhanced its ability to
penetrate into deeper regions of the phospholipid interface. It is
remarkable that such penetration is fully reversible as
neutralization of pH reverts the increase of pressure to the
initial values.
In Fig. 7, the increase in surface pressure (Δπ) after injection
of a given amount of each peptide has been plotted versus the
initial surface pressure of different preformed phospholipid
monolayers (πi). The increment in surface pressure due topeptide insertion decreases as the initial pressure increases in all
cases, since a tighter lipid packing prevents association and
eventual insertion of the peptides into the monolayer. From these
plots it is possible to calculate the critical insertion pressure (πc),
defined as the maximum pressure at which the peptides are still
able to associate/insert. The plots in Fig. 7 show that all the
peptides had higher πc at pH 5 than at pH 7, as a result of
protonation-induced enhancing of peptide insertion into the lipid
interface. Table 2 summarizes the values of πc determined for the
insertion of all the peptides in DPPC/POPG (7:3, w/w)
monolayers, both at neutral and acidic pH. Peptides BpH and
BpH-W had substantially higher πc than that of the correspond-
ing variants bearing Lys instead of Phe, BpH-K and BpH-WK, at
the two pH values assayed. These results confirm that the affinity
of peptides bearing the F120K variation for a DPPC:POPG
interface is very different than that of the wild-type sequence, as
well as the effect of pH on the association of the sequence with
the lipid surface. As it was deduced from the fluorescence
experiments, acidic pH produces substantially higher effects on
the lipid–peptide interaction of BpH and BpH-W sequences than
on that of peptides BpH-K or BpH-WK. The native-like
sequence has a πc 10.0 mN/m higher at acidic than at neutral
pH, whereas for the F120K variant peptides the difference is
only of 3.8 (in the case of BpH-K) and 1.6 mN/m (in BpH-WK),
respectively. On the other hand, there are substantial differences
between the slopes of the insertion plots of the wild-type and the
variant peptides, indicating that the disposition of wild-type and
variant sequences into the lipid film also differs. It is also quite
remarkable that introduction of the variation F127W, which
should in principle conserve the overall interfacial hydrophobi-
city of the sequence, also prevents a substantial part of the pH-
induced increase of pressure. Our interpretation is that the
presence of a tryptophan in the middle of the sequence probably
contributes to maintain anchoring of the sequence to the shallow
phospholipid headgroup layer of the interfacial lipid film,
impeding the deepest penetration of the peptides. A similar
disposition of trp-containing segments of proteins and peptides
into superficial regions of membranes has been previously
proposed [24,33,34].
4. Discussion
Little is known, so far, about the structure, lipid binding
properties and conformational changes of the SP-B precursor
along the exocytic pathway and the assembly of pulmonary
surfactant. Research on this precursor has mainly focused, in the
past, on the elucidation of the different steps involved in its
sorting and processing [8], including the identification of
associated proteolytic enzymes [35], as well as the segments of
the proprotein required for proper targeting and secretion of the
mature sequence of SP-B into the alveolar airspaces [16,17,22].
It has been reported that preproSP-B is proteolytically processed
after translocation into the ER in at least three steps, by different
enzymes including, probably, the aspartyl-protease Napsin A
[36] and the cystein-protease Cathepsin H [37], which colocalize
with SP-B in multivesicular and lamellar bodies. It has been also
demonstrated that the secretion pathway of surfactant is
Fig. 6. Interfacial adsorption/insertion of synthetic BpH peptides. (a) Illustrative experiments of interfacial adsorption kinetics of peptide BpH (left panel) and BpH-K
(right panel) to a clean air–liquid interface. The arrow indicates the moment at which 9 μg of peptide were injected into the subphase from concentrated solutions
prepared in the same buffer. (b) Illustrative experiments of adsorption/insertion of peptide BpH (left panel) and BpH-K (right panel) into preformed DPPC:POPG (7:3,
w/w) monolayers from a buffered subphase Tris 5 mM, Mes 5 mM, sodium acetate 5 mM, pH 7, containing 150 mM NaCl. The first arrow indicates spreading of the
required amount of lipid in chloroform/methanol solution onto the interface, to form the monolayer at a given surface pressure. The second arrow indicates the injection
of 9 μg of peptide into the subphase, underneath the preformed monolayer. Shift of pH to 5 was achieved by injection of a proper aliquot of HCl at the times indicated,
and reversion of pH to 7, by injection of an aliquot of NaOH.
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reticulum (ER) to the final storage organelles, the LBs, where pH
is around 5.5 [38]. This pH gradient has been previously des-
cribed in other exocrine and endocrine cells [39–46] and it has
been demonstrated to be essential for proper processing of the
precursor of pulmonary surfactant protein C, SP-C [22]. As a
matter of fact, Napsin A and Cathepsin H seem to be also
involved in the proteolytic processing of SP-C [47,48]. The
acidification of the milieu is then an important feature of the
secretion pathway but little is known about how the decrease of
pH affects the structure of SP-B and SP-C precursors and
consequently, their accessibility to proteases and their ability to
assemble with lipids. We propose that the proper assembly and
processing of proSP-B along the biosynthetic pathway of
surfactant must be conditioned by conformational changes
triggered in the precursor upon acidification. We also speculate
that the segment in the N-terminal propeptide identified in the
present study (residues 111–135 of preproSP-B) as having pH-
dependent interfacial activity could play a role in, or somehowFig. 7. Critical insertion pressure of synthetic BpH peptides in phospholipid monolaye
w/w) monolayers after injection of the indicated synthetic peptides (9 μg) into the
insertion pressure (πc) was calculated by extrapolation of the plot atΔπ=0 mN/m. The
pH 7 (closed symbols) or pH 5 (open symbols). Control experiments, performed by in
in surface pressure.modulate, the assembly of the precursor into surfactant
membranes. An analogue segment with high affinity to interact
with membrane interfaces can be identified in the hydropathy
profiles of the SP-B precursor of all the animal species analyzed
(see Fig. 8). In all the sequences, this segment has a high potential
for partition into membrane surfaces at acidic pH, while the
affinity of this segment for membranes is substantially reduced at
neutral pH in most species. Only the 111–135 segment of proSP-
B from rabbit seems to possess similarly high membrane affinity
regardless pH. However, in the rabbit sequence this segment is
flanked, at both the N-terminal and the C-terminal side, by
sequences with potential pH-dependent behaviour, indicating that
in this particular case the exposure of the membrane-active
segment could be different depending on pH.
Comparing the saposin-like domain contained into the N-
terminal region of SP-B precursor with the sequence of another
SAPLIP proteins with known structure like NK-lysin, it can be
predicted that the segment under study should in principle
possess a α-helical conformation. It is located just at the end ofrs. Increment in surface pressure (Δπ) observed in preformed DPPC:POPG (7:3,
subphase is plotted vs. the initial surface pressure of the films (πi). The critical
experiments were run at 25 °C with continuous stirring of the subphase, either at
jecting the same volume of buffer in the absence of protein, indicated no changes
Table 2
Critical insertion pressure πc of synthetic BpH peptides in monolayers of DPPC/
POPG (7:3, w/w), at pH 7 or 5
Peptide Critical pressure πc (mN/m)
pH=7 pH=5
BpH 22.7 31.0
BpH-K 22.5 26.3
BpH-W 18.4 21.4
BpH-WK 14.3 15.9
Fig. 8. Hydrophobicity-at-interface profile of preproSP-B from different species
at acidic and neutral pH. Hydropathy plots of the sequences of preproSP-B from
different species, calculated using the hydrophobic-at-interface scale proposed
by Wimley and White [25]. The negative free energy of transfer of different
segments of the protein from the water phase into a phospholipid bilayer is
plotted against their position in the sequence, taking into account the ionization
state (and therefore, the associated free energy of transfer) of some amino acids
(D, E and H) at neutral (black) or acidic (red) pH. The region corresponding to
mature SP-B is indicated by a solid black line. The region showing theoretical
pH-dependent hydrophobic properties in all the species analyzed has been re-
scaled in the right panels. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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and would contain most of the third α-helix, the complete fourth
helix and the beginning of the fifth helix of the structure
determined for NK-Lysin [10] (Fig. 7). However, the secondary
structure of the synthetic peptides designed from this sequence
(BpH, BpH-W, BpH-K and BpH-WK), as analyzed by circular
dichroism, reveals a mixture of extended and unordered
conformation in aqueous buffers. Small peptides, like the
ones studied here, probably have a considerable level of
flexibility, likely much higher than that of the same segment in
the context of the full protein. The sequences revealed a partial
tendency to adopt some α-helical conformation in the presence
of trifluoroethanol (TFE), but no significant changes in
secondary structure were detected in the presence of phospho-
lipid membranes at any of the pH conditions studied.
Differences detected in the affinity of the studied sequences to
associate with and insert into membranes cannot therefore be
interpreted in terms of conformational effects but as a
consequence of intrinsic sequence determinants that should in
principle also exist in the context of the full protein.
In contrast, binding and insertion of synthetic peptides into
phospholipids was sensitive to pH. In particular, fluorescence
spectroscopy analysis of the binding of peptides to phospholipid
vesicles with different compositions confirmed experimentally
the predictions made from the theoretical analysis. The presence
of phenylalanine 120 resulted critical not only for the ability of
peptide BpH-W to bind to the different lipids assayed, but also
for the modulatory effect due to acidic pH. Both effects were
also patent in the interfacial adsorption/insertion experiments.
A precise pH gradient between organelles of the regulated
secretory pathway is required for sorting and processing of
many proproteins, like prohormones [46]. Small pH differences
can be critical in separating cellular events. In endocrine and
neuroendocrine cells, for instance, it has been proposed that
regulated secretory proteins are segregated from constitutively
secreted polypeptides by a pH- and calcium-dependent process.
Other SAPLIP proteins, like saposin A, C and D, have been also
reported as suffering important conformational changes trig-
gered by acidification, leading to an increase of their ability to
interact with and perturb phospholipid membranes [50,51].
Within the surfactant system, the collectin SP-A has been
shown to be also susceptible to acidic pH, which promote α-
helix X β-sheet transitions with consequences in protein self-
aggregation and lipid binding properties [52].
The analysis of the interfacial adsorption/insertion results
presented here suggests that the changes induced by mildly
acidic pH on the hydrophobic properties of segment 111–135 ofproSP-B may strongly modulate its propensity to associate with
phospholipid surfaces. This feature may be relevant in the
context of the assembly of proSP-B and mature SP-B into
surfactant membranes. When using monolayer systems as a
model for the study of membrane–protein interactions, πc is
usually taken as a reference value for the comparison. It is
widely assumed that lateral packing in a lipid bilayer can be
roughly mimicked by a monolayer compressed to 30 mN/m. It
is therefore assumed that proteins and peptides able to insert
into phospholipid films compressed at 30 mN/m, are competent
to insert into free-standing membranes. Just the wild-type
sequence BpH showed, under conditions of acidic pH, a critical
pressure for insertion into lipid surfaces that was higher than
30 mN/m. Presence of residue F120 and acidic pH were
necessary conditions for such increase in pressure, suggesting
that the sequence of this segment of proSP-B may have been
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precise location and timing along the secretory pathway where
pH drops beyond threshold acidic values. Fluorescence
experiments also suggest that at least the side chain of the
reporter trytophan is able to penetrate the less polar interface of
the membranes depending on pH. Such pH-dependent interac-
tion could be important to initiate the orientated exposure of the
highly hydrophobic module of SP-B, which precedes the proper
insertion of the mature protein into surfactant complexes. Our
results offer however another example illustrating that intro-
duction of spurious tryptophan reporters may produce effects
that may not entirely correspond to the properties of the original
protein sequences.
The present results therefore demonstrate that the segment
comprising amino acids 111–135 of preproSPB possesses pH-
depending properties related with its hydrophobicity, its inter-
face affinity and its lipid binding capacity that might participate
in the sorting and assembly of the proprotein into the surfactant
membranes along the exocytic pathway of type II pneumocytes.
We have previously shown that proSP-B possesses intrinsic
properties to associate with phospholipid membranes [18].
Changes in the conformation of the protein coupled with the
proposed increase in membrane affinity of the 111–135 seg-
ment could play a role in tuning the way proSP-B exposes the
mature hydrophobic SP-B domain for insertion into surfactant
membranes and defines the subsequent proteolytic processing.
The extent to which the properties of the segment 111–135 are
conserved in the context of the full protein and participate in
defining the functional behaviour of proSP-B, has still to be
evaluated. Further analysis of the structure and membrane-
interacting properties of wild type or mutant forms of the full
length precursor will provide additional clues about the
determinants defining the assembly and maturation of SP-B
from its precursor and the architecture of fully active surfactant
complexes.
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